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Topological physics of phonons has attracted enormous research interest, but an appropriate model material
is still lacking. By first-principles calculations we suggest the widely used material silicon as an ideal candi-
date. In silicon, all the phonon bands form topological nodal-lines protected by nonsymmorphic symmetries
and characterized by a quantized Berry phase of pi. These topological nodal-lines display a periodic cage-like
network in the momentum space, giving drumhead surface states observable along any surface orientations.
Moreover, we find a new type of spin-1 Weyl phonon featured by Fermi-arc-like surface states, which distin-
guishes from other Weyl phonons by requiring no inversion and time-reversal symmetry breaking. A possible
experimental evidence on topological surface phonon modes of Si(111) will be discussed. Furthermore, we gen-
eralize the concept of symmetry and topology from silicon to other systems and identify numerous candidate
materials, demonstrating the ubiquitous existence of topological phononic states in solids. Our work opens new
opportunities to study topological phonons in realistic materials.
Introduction.—Exploring novel quantum degrees of free-
dom to control phonons, which play a key role in a vari-
ety of physical phenomena (e.g., superconductivity, electri-
cal resistivity, and heat dissipation), is of crucial importance
to both fundamental science and practical applications. Re-
cent discoveries of Berry-phase and topological physics shed
new lights on this subject, leading to an emerging field of
topological phononics [1–4]. So far various kinds of topo-
logical phases of phonons have been proposed by theoretical
models, including topological gapped and gapless phases in
both two dimensions (2D) and 3D [5–42]; exotic topological
and Berry-phase effects have also been predicted, which could
find promising applications in thermal diodes [23], transistors
[31], antennas [43], etc. However, very few experimental pro-
gresses have been achieved in the field, mainly due to the lack
of suitable candidate materials. A key issue is thus to find eas-
ily obtainable realistic materials that are simple in both atomic
structure and topological states for the investigation of topo-
logical phononics.
Generally there exist two routes to search for topologi-
cal phononic materials. One requires time-reversal symme-
try (TRS) breaking, the other not. While the breaking of
TRS can lead to novel topological states such as the quantum-
anomalous-Hall-like states, it is difficult to realize strong TRS
breaking effects of phonons in solid materials. The second
route is thus more favorable. To induce 2D topological states
such as the quantum-spin-Hall-like states, pseudospin degen-
eracies protected by crystalline symmetries are generally de-
manded. The relevant crystalline symmetry, however, usually
gets broken at the 1D boundary, which destroys the topologi-
cal protection of edge states. Such a problem can be avoided
in systems with higher dimensions. For instance, rotational
and mirror symmetries can simultaneously exist in both 3D
bulk and 2D surface. Much effort thus has been devoted to
searching for 3D topological phononic materials with or with-
out a frequency gap. As phonon dispersions of most ma-
terials do not have a full frequency gap, the realization of
topological gapless phase is relatively easier. Recent works
proposed a few candidate materials of phononic topological
nodal-lines and various kinds of Weyl phonons, such as dou-
ble Weyl phonons [27, 28], mixed single and double Weyl
phonons [38, 40], and quadruple Weyl phonons [42]. These
previous works mainly focused on noncentrosymmetricmate-
rials. The large class of centrosymmetric materials, however,
remains largely unexplored.
Playing a central role in modern semiconductor devices,
silicon is both structurally simple and centrosymmetric with
properties that are greatly concerned by semiconductor in-
dustry and (opto-)electronic applications [44]. Despite inten-
sive and comprehensive investigation on this classical mate-
rial, topological properties of phonons in silicon, as far as we
know, have not been studied before. In this work we find two
different kinds of topological phononic gapless states in sil-
icon. Specifically we find that all the phonon branches of
bulk Si has topological nodal-lines characterized by a quan-
tized Berry phase of pi, which are enforced by the nonsymmor-
phic glide mirror symmetries. The nodal-lines form a periodic
cage-like structure in k space, leading to drumhead surface
states observable for any surface orientations. The drumhead
surface states between longitudinal acoustic (LA) and opti-
cal (LO) branches lie in a “clean” frequency range where few
bulk states are present. This feature makes the surface states
2FIG. 1. Topological phononic gapless states in Si. (a) Atomic struc-
ture of Si with three glide mirror symmetries Gx = {Mx| 14 (0, a, a)},
Gy = {My|
1
4 (a, 0, a)}, and Gz = {Mz |
1
4 (a, a, 0)}, whose mirror planes
are mutually perpendicular to each other. (b) Phonon dispersion re-
lation of Si from density functional theory (DFT) calculations (blue
lines) and experiment (black dots) [45]. The red parts on XW and ΓL
are topological nodal-lines with quantized Berry phase pi. The inset
shows the dispersion of LA and LO phonons, which are the 3rd and
4th branches, in the kx − kz plane across X. The red triangle labels a
topological triple point formed by the band crossing between the lon-
gitudinal optical (LO) and the doubly degenerate transverse optical
(TO) branches. (c) Distribution of topological nodal-lines (red lines)
and nodal-points (red triangles) in k space.
easily observable through neutron scattering and electron en-
ergy loss spectroscopy techniques. In addition to the topologi-
cal nodal-lines we also find phononic topological triple points
formed by the band crossing between LO and doubly degen-
erate TO branches. The triple points which can be viewed as
combinations of pairs of Weyl points with opposite chiralities
support Fermi-arc-like surface states. We also discuss the con-
nection between our work and previous experimental investi-
gations. Our work provides a new explanation to the origin
of surface phonons of Si from viewpoint of topology. Finally
we generalize the symmetry enforced topological phonons to
other centrosymmetric materials. A full classification of topo-
logical phononic nodal states in space groups (SGs) with in-
version symmetry is presented.
Symmetry enforced topological nodal-lines.—Bulk Si has a
diamond structure with space group Fd3m (No. 227), which
has three glide mirror symmetries [Fig. 1(a)]. It has six
phonon branches, which form three doubly degenerate pairs
along XW [Fig. 1(b)]. This degeneracy originates from the
fact that the little group along XW has only irreducible rep-
resentations of dimensions two. Specifically, this is because
the two glide mirror symmetries Gy = {My| 14 (a, 0, a)} and
Gz = {Mz|
1
4 (a, a, 0)} anticommute with each other (a = 5.43 Å
is the edge length of conventional unit cell of Si). For a
phonon Bloch state |ψk〉 on XW which has Gz eigenvalue
±ei(kx
a
4+ky
a
4 ), Gy will change its sign by switching ky from 2pia
to − 2pi
a
. Therefore, the nonsymmorphic glide symmetries en-
force all bands to be doubly degenerate along XW, forming a
3D cage-like structure in k space [Fig. 1(c)].
We next demonstrate that all the nodal-lines related to XW
are topologically nontrivial. Away from the nodal-lines the
phonon bands are generally nondegenerate. Along a closed
loop C encircling XW, the Berry phase of each branch can be
defined as: θn =
∮
C
−iu
†
nk
∇kunk · dk, where unk is the phonon
polarization vector. The presence of inversion (P) and TRS
(T ) guarantees that θn can only take quantized value 0 or pi
[46]. Numerical calculation shows that all six branches of Si
along the XW line have nonzero Berry phases of pi, which
indicates a topological line node threading the integration
loop. The line nodes cannot be removed by adding small in-
version symmetric perturbations because otherwise the Berry
flux would become zero.
It should be noted that not all the doubly degenerate bands
are topological. For example, both the transverse acoustic
(TA) and optical (TO) branches are degenerate along ΓX but
they are not topological because the Berry phase on a small
loop encircling the ΓX line equals 0 (modulo 2pi). However,
the degenerated bands along ΓL do have pi Berry phase [47].
The main difference lies in the fact that the little group along
ΓX is isomorphic to C4v which has a two-fold rotation (C2y)
symmetry, but ΓL only has three-fold rotation (C3[111]) sym-
metry. The two-fold rotation which transforms kx,z to −kx,z
forbids linear-order terms in the effective model of kx,z plane.
Thus, both the TA and TO bands must quadratically touch
at ΓX, leading to Berry phases of 0 (modulo 2pi), but the
three-fold rotation allows linear crossing across ΓL and gives
a Berry phase of pi [47, 48].
The 3D structure of the topological nodal-lines in Si makes
the surface states observable for arbitrary surface orientations.
For an arbitrary surface direction, the Zak phase ϕZ defined
as the Berry phase of the Wilson loop parallel to the surface
norm are quantized to 0 or pi. Therefore the ν = mod(ϕZ/pi, 2)
defines a Z2 topological invariant for any k‖ (k‖ is the com-
ponent perpendicular to the surface norm). By continuously
changing k‖ the value of ν keeps unchanged unless the loop
meets a topological nodal-line.
To analyze the topological surface states, we calculated the
Zak phase of all branches, ϕZ(k‖). Figures 2(a)-(c) show the
distribution of ϕZ(k‖) in the surface Brillouin zone for (001),
(111), and (110) surfaces, respectively, with the regions of
v = 1 (0) marked in purple (cyan). The distribution of Zak
phase respects all bulk symmetries of Si. For example, projec-
tions of the bulk topological nodal-lines onto the (001) surface
divide the surface BZ into four parts, each of which transform
to the adjacent one under the four-fold skew rotation (S 4z) or
glide mirror symmetry Gx and Gy. The S 4 or Gx,y related
points have their ϕZ changed by pi relative to each other i.e.
their Z2 invariant ν changed by 1 [47], ϕZ(αk⊥) = ϕZ(k⊥) ± pi
for α = S 4z or Gx,y. Although the line nodes of TA and TO
degeneracies on ΓL are also topological with Berry phase pi,
they have no contribution to the Zak phase or Z2 invariant on
3FIG. 2. Zak phase and surface states. (a)-(c) Projection of bulk BZ onto (001), (111), and (110) surfaces, respectively, and the corresponding
Zak phases ϕZ as function of k‖ in the surface BZ (red dashed lines). ϕZ = pi (0) regions are marked purple (cyan). (d)-(f) Surface local density
of states (LDOS) of (001), (111), and (110) surfaces, respectively. Bulk states are colored grey while surface states are colored green (fixed
boundary condition [18]) and purple (free boundary condition).
the (001) surface because two distinct nodal-lines ΓL and ΓL′
are projected onto the same k‖ points, leading to a change of
2pi in Zak phase. However, when projecting onto some other
directions, the nonzero Berry phase of ΓL makes a difference.
According to the bulk-boundary correspondence, a topo-
logical boundary state exists in the ν , 0 region. The exis-
tence of ν , 0 regions in Fig. 2 (a)-(c) is consistent with the
k‖-resolved surface local density of states (LDOS) calculation
in Fig. 2(d)-(f) (green lines), where a fixed boundary condi-
tion [18] was used. The surface states look like a drumhead
spanning within the ν = 1 region. Specifically the surface
states arising from the degeneracy of LA and LO branches
are prominent due to the fewer bulk states in the phonon en-
ergy window of 40–50 meV. We note that for (001) and (111)
surfaces there are two different kinds of surface terminations
for which the Z2 invariant ν is opposite. This can be under-
stood through the gauge choice of the bulk unit cell [47].
It is interesting to note that for (001) surface the ν = 0 re-
gions also have surface states. Specifically for the topologi-
cal nodal-line formed by the 3rd and 4th bands (i.e., LA and
LO branches), there are two rather than zero surface states in
the ν = 0 regions, indicating that the topology of LA and LO
band crossing should be described by a Z topological invariant
rather than Z2. We conjecture that this is possibly because the
physics of LA and LO band crossing are better described by
a two band model. For a two band model the topological in-
variant is indeed Z rather than Z2 while a more than two band
model is described by Z2 based on the homotopy argument
[49].
Symmetry breaking of surface and bulk states.—So far our
analysis is based on the full space group of diamond-structure
Si. In reality, some of the symmetries may be broken due to
factors such as surfaces, defects, and strain. How robust is
the band topology under various external perturbations? At
first we used fixed boundary condition for the surface states
in Fig. 2. However, for a free surface the boundary is not
fixed and this induces Rayleigh modes on the surface [Figs.
3 (d)-(f) purple lines]. Rayleigh modes are another kind of
surface states, which is intrinsically different from the topo-
logical surface states. It usually emerges on a free surface
and has relatively lower frequencies and velocities than those
of bulk states. Rayleigh modes are quite sensitive to surface
conditions as one compares the surface LDOSs between fixed
and open boundary conditions in Fig. 2(d)-(f). For the topo-
logical surface states, however, although dispersion of topo-
logical surface states change a lot under different boundary
conditions, their existence is ensured by the topology of bulk
bands. No matter how surface details change, the topological
4FIG. 3. Topological triple points (TPs) and their surface states. (a) 2D Band structure of the TP in Fig. 1(b). Chern numbers C1,2,3 from lower
to higher bands are calculated on a sphere enclosing the TP. The dashed lines are the projection of the band structure in ky = 0 and kx,z = 0
planes. (b) Chern numbers of the six TPs marked by red and blue triangles. (c) (111) Surface LDOS for different phonon energies. Open
boundary condition with augmented surface atomic mass msurf = 1.2mSi is used (mSi is the atomic mass of Si atom).
surface states always exist near the bulk nodal-lines as long as
the bulk symmetries are preserved.
When bulk symmetries are broken, however, topological
surface states may vanish due to the disappearance of nodal-
lines in bulk states. The relevant symmetries here include
TRS, inversion symmetry, and three glide mirror symmetries.
Since we always assume TRS is preserved, we consider three
different cases: (i) both inversion and glide mirror symme-
tries are broken, (ii) glide symmetries are broken but inversion
symmetry is still present, and (iii) two of the glide mirror sym-
metries are broken and one remains. Physically the case (i)
can be realized by atomic defects where the two atoms within
a unit cell become different. This corresponds to the case of
GaAs where all the nodal-lines are gapped out. In case (ii)
since all the glide mirror symmetries are broken, the band de-
generacies at X point are lifted because the little group at X
only has 1D irreducible representations. However the nodal-
lines do not disappear since the pi Berry phases defined by the
phonon modes on a loop away from the nodal-line keep un-
changed as long as the perturbation does not change the band
order on the loop. Thus a topological nodal-line must exist
inside the closed loop although it moves away from XW. In
case (iii) because of the glide mirror symmetry, all the nodal-
lines not only exist but also lie within or perpendicular to the
mirror plane [47].
Topological triple-point phonon.—In addition to the topo-
logical nodal-lines enforced by the glide mirror symme-
tries, bulk Si also has topological nodal-point states induced
by band crossing between LO and doubly degenerate TO
branches on ΓX thus forming topological triple points (TPs)
[red triangles in Fig. 1(b), (c)]. Near a TP the dispersion re-
lation of LO and TO branches in the kykz,x plane is shown in
Fig. 3(a). The Chern numbers C1,2,3 for each band is defined
on a small sphere enclosing the TP. On the sphere the Berry
curvature vanishes everywhere except the two points on ΓX
where the Berry phase (flux) through the two points is ±2pi.
Based on the effective Hamiltonian model analysis we find the
Chern numbers of three bands are 1, −2, and 1 with increasing
phonon energy [47]. For other TPs Fig. 3(b) shows the Chern
numbers of all six TPs. The nonzero Chern numbers give rise
to the fermi-arc-like surface states like phononic Weyl points.
A fundamental difference between phononic topological TPs
and Weyl phonons lies in the fact that TPs do not require in-
version symmetry breaking. Figure 3(c) shows the (111) sur-
face LDOS. Each TP gives rise to two fermi-arc-like states, of
which one results from the nonzero Chern number C1 of low-
est band while the other results from the nonzero sum of the
lowest two bands C1 +C2.
Experimental signatures.—The robustness of topological
surface states is evidenced by previous observations on sur-
face phonons of Si, which have been extensively studied [50–
59]. In these studies, various approaches focused on the de-
tails of how surface reconstructions affects surface oscilla-
tion frequencies. Surface phonon modes of Si were found on
the (111),[50, 53, 54, 56] (001),[60] and (110)[61] surfaces,
which is in good agreement with the inference that surface
states of Si generally exist on all surfaces due to nodal-lines
and TPs of bulk bands. This feature can be further verified
by the low energy electron loss spectroscopy. We also point
out that the observed low frequency (Rayleigh) modes (about
10.5 meV in acoustic branches [54]) are fundamentally dif-
ferent from the higher frequency modes (about 50–55 meV in
LO branch [50, 52]) due to the lack of bulk topological origin.
Generalization to other inversion symmetric systems.—So
far we have discussed the topological phononic states in Si
with the specific space group Fd3m, where the nonsymmor-
phic symmetries play an important role. In 3D space, there
are 157 nonsymmorphic SGs in total, within which 68 SGs
are also inversion symmetric. The nonsymmorphic SGs can
enforce degeneracy of points, lines, or even planes at bound-
aries of the Brillouin zones when TRS is also taken into ac-
count. Here we give a full classification of the symmetry-
5TABLE I. List of inversion symmetric space groups (SGs) that pro-
tect topological point-, line-, or plane- degeneracies.
SGs No.
point nodes 130, 133, 135, 137, 138, 163, 165, 167, 176,
192, 193, 201, 205, 206, 222, 223, 224, 226–
228, 230
topological line
nodes
13–15, 48–50, 52–54, 56, 58, 60–62, 64, 67, 68,
70, 72–74, 85, 86, 88, 124–126, 128, 129, 131–
142, 163, 165, 167, 176, 192, 201, 203, 206,
222–224, 226–228, 230
plane nodes 11, 14, 52–64, 66, 68, 127, 130, 135–138, 176,
193, 194, 205
enforced topological nodal-points, -lines, or planes in all 3D
inversion symmetric SGs to benefit future search for topolog-
ical phononic materials.
For an arbitrary space group we first check those k points
on high-symmetry-points (HSPts), -lines (HSLs), or -planes
(HSPls) whose little group (with TRS taken into account) con-
tain 2D or higher dimensional irreducible representations. For
the nodal-points, we find 21 SGs having isolated nodal-points
at HSPts and all the nodal-points are 3-fold degenerate or
higher. Since the topological invariant of nodal-points and
nodal-planes with inversion symmetry is still unclear, we fo-
cus on the topological nodal-lines below. 56 SGs can protect
nodal-lines but not all of them are topological. If the little
group of nodal-line contains a 4-fold or 6-fold rotation the
nodal-line is trivial since under 4-fold or 6-fold rotation, only
quadratic k terms are allowed in the effective-model Hamil-
tonian (k referenced to the nodal-line) [48], leading to zero
Berry phase of the nodal-line. Among the 56 SGs only one of
them (i.e., SG No. 84) is trivial while all others 55 SGs have
at least one nonsymmorphic-symmetry-enforced topological
nodal-line. The number of SGs enforcing nodal-points, -lines,
and -planes are shown in Tab. I. For each of the SGs, we list
the k space positions of the enforced HSPts, HSLs, and HSPls
explicitly in the Supplemental Material [47].
Discussions.—Many SGs can enforce topological gapless
states of phonons. Thus the topological phonon states may
exist ubiquitously among various solid state materials [62]. It
is of great interest to explore the Berry phase and topologi-
cal states of phonons, which may induce phonon (valley) Hall
effect etc. In addition, the topological phononic drumhead
surface states result in a large phonon local density of states
on the surface. Therefore, the topological surface states may
play an important role in electron-phonon coupling and even
superconductivity in some systems.
Conclusions.—In this work, we investigated
nonsymmorphic-symmetry-enforced topological phononic
nodal-lines and triple points (TPs) in bulk silicon. Due
to glide mirror symmetries and TRS, phonon branches of
Si along the XW line are all doubly-degenerated. These
nodal-lines form a 3D cage-like structure in k space, leading
to drumhead topological surface states on an arbitrary surface
of Si. Such surface states are protected by the topology
of bulk bands as long as bulk symmetries are preserved.
The TPs are induced by the band crossing between LO and
TO branches which can be characterized by nonzero Chern
numbers. The TPs give rise to fermi-arc-like surface states.
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